Nerve regeneration is a complex process involving many metabolic and catabolic pathway. Previous reports have demonstrated that molecules such as growth factors (Heumann et al., 1987a,b; Eckenstein et al., 1991; Kobayashi et al., 1993) , some peptides (Saika et al., 1991) and cytoskeltonal proteins Tsui et al., 1991) are upregulated during peripheral nerve regeneration.
However, the molecular events associated with axotomy are still not well understood.
Recently, we have focused our attention on several molecules that are involved in the signal transduction pathways during hypoglossal nerve regeneration (Ohno et al., 1994; Saika et al., 1994; Kiryu et al., 199.5; Morita et al., 1995) . These studies implicate some signal transduction pathways such as that involving Ras pathway in regeneration associated signaling pathway. By examining individual intracellular signaling molecules associated with regeneration, we hope to gain insight into the phenomena underlying of successful nerve regeneration.
However, it is likely that a number of other so far unknown molecules and genes will play an important role in nerve regeneration.
Therefore, an alternative method to quickly isolate those.genes which may be involved in the nerve regeneration event, has been sought. The development of a new technique termed differential display PCR (DD-PCR) has considerably simplified the identification of genes upregulated after axotomy or lesion, replacing earlier subtractive strategies ). The method is based on directly comparing the mRNAs expressed in two or more cell populations, separating their reverse transcription-PCR products and comparing band patterns. We have used this method to identify a gene not previously implicated in peripheral nerve regeneration.
Using this approach, we identified the rat homolog of the neuronal high affinity glutamate transporter (rabbit EAAC 1 or human EAAT3) (Kanai and Hediger, 1992; Meister et al., 1993; Arriza et al., 1994) and showed that this glutamate transporter is upregulated in injured motoneurons. High affinity glutamate transporter have recently been defined by molecular cloning (Kanai and Hediger et al., 1992; Pines et al., 1992; Storck et al., 1992; Arriza et al., 1994) and represent a new family of Na+ and K+ coupled electrogenic transporters, which have no significant primary structural homology to the superfamily of Na+ and Cll coupled transporters (Amara, 1993) . These transporters mediate the cellular uptake of acidic and neutral amino acids from the synaptic cleft into glial cells (GLAST, GLTl) or nerve endings (EAACl). Since glutamate is neurotoxic (Benveniste et al., 1984; McBean et al., 1985; Choi et al., 1988) as well as being the principal excitatory amino acid neurotransmitter (Fonnum et al., 1984) , transporter-mediated uptake systems may serve to maintain extracellular glutamate concentrations below toxic levels (Nicholls et al., 1990; Eliasof et al., 1993) . It has also been suggested that several neurodegenerative disorders are due to dysfunction of glutamate transporters (Rothstein et al., 1992) . In this study, we show that rat EAACl, cloned by DD-PCR, is associated with axotomy-induced nerve regeneration. In addition, the distribution of rat EAACl mRNA was demonstrated in the adult rat brain.
Materials and Methods

Animals.
Seventy male Wistar rats weighing about 100 gm were anesthetized with pentobarbital (45 mg/kg), positioned supine and their right hypoglossal nerve cut with scissors, the hypoglossal nuclei were then dissected from the operated-and normal-sides (Fig. 1A) . Seventy hypoglossal nuclei (operated and normal) were collected and frozen in liquid nitrogen. For in situ hybridization, rats were sacrificed 1, 3, 5, 7, 14, 21, 28 , and 35 d afer the operation (three rats each point).
Differential display PCR (DD-PCR).
DD-PCR was carried out (Fig.  1A) as previously described Bauer et al., 1993 Subsequently, l/10 volume of the each pool of cDNA was amplified by PCR in the presence of a-'5S dATP (New England Nuclear-Du Pont, Natick, MA) using two arbitrary primers, 5'-AGGGGAACTGCTG-GGGTCGTCCCGGTGGTC-3' and 5'.GGCCTTCATGTTAATGA-TGCAATTAAGGTC-3', which were selected among 87 arbitary primers by chance. The cycling parameters are as follows: denaturation at 94°C for 5 min, 40 cycles with denaturation at 94°C for 30 set, annealing at 42°C for 1 min and extension at 72°C for 1.5 min and an additional extention period at 72°C for 5 min. Radiolabeled PCR products were analyzed by electrophoresis on a 5% sequencing gel, and visualized by autoradiography. Differentially upregulated bands were recovered from dried denaturing polyacrylamide gels and reamplified in a 40 cycles PCR using the same primers, Reamplified cDNA products were cloned into PCRYI vectors using the TA cloning kit (lnvitrogen, San Diego, CA).
In situ hybridizarion. Animals were decapitated 1, 2, 3, 5, 7, 14, and 21 d after surgery. Their brains were removed quickly and frozen in powdered dry ice; 20 urn thick sections were cut on a cryostat, thawmounted onto 3-aminopropyltriethoxysilane coated slides, and stored at -80°C until used. Just before use, the sections were fixed in 4% paraformaldehyde in 0.1 M phosphate buffer (PB) for 20 min, washed in PB, treated with 10 pg/ml proteinase-K in 50 mM Trrs-HCL and 5 mM Figure   2 . Histological display by in situ hybridization using the cRNA probe derived from cDNA fragment shown in Figure 1B (arrowhead). The section was obtained from an animal whose unilateral hypoglossal nerve was axotomized 7 d before (right side is the operated side). The counterstained emulsion autoradiography is observed under semidarkfield observation. Note the accumulation of silver grain is observed only on the injured motoneurons. Scale bar, 40 pm. Regions of serine-rich motif and the conserved seven amino acids, AAXFIAQ are underlined in bold. The nucleotide sequence data reported in this paper will appear in the DDBJ, EMBL, and GenBank nucleotide sequence databases with following accession number: D63772.
EDTA for 10 min and then fixed again. After washing in distilled water, sections were acetylated with 0.25% acetic anhydride in 0.1 M triethanolamine, rinsed with PB, dehydrated in ascending ethanol series (70 %, 95% and lOO%), defatted in chloroform, rinsed in ethanol and air dried. ?S-labeled RNA probes were prepared by in vitro transcription of the EAACl cDNA (25862837) in pCRTMII by using SP6 or T7 RNA polymerase and a-?S-UTP (New England Nuclear-Du Pont, Natick, MA). The labeled probes (5 X lo6 cpm/ml) in hybridization buffer (50 % deionized formamide, 0. (Kanai and Hediger, 1992) , EAAT3 (Arriza et al., 1994) . 500 yg/ml yeast transfer RNA, and 200 pg/ml salmon sperm DNA) were denatured for 2 min at 80°C quenched on ice and placed on the these sections. Hybridization was performed in a humid chamber overnight at 55°C. Hybridized sections were rinsed briefly in 5 X SSC-1 % 2-mercaptoethanol at 55°C washed in 50% deionized formamide, 2 X SSC and 10% 2-mercaptoethanol (high stringency buffer) for 30 min at 60°C. After rinsing the sections in RNase buffer (0.5 M NaCl, 10 mM Tris-HCl and 1 mu EDTA), they were treated with 1 pg/ml RNase-A in RNase buffer for 30 min at 37°C and washed in RNase buffer. Sections were then incubated in buffer as described above, rinsed with 2 and 0.1 X SSC for 10 min each at room temperature, dehydrated in an ascending ethanol series, and air dried. Sections were then exposed to x-ray film for 2 weeks, whereafter they were dipped in Ilford K-5 photoemulsion (Ilford, UK) diluted 6:4 in water. Sections were then exposed for 34 weeks at 4°C developed in Kodak D19 developer, counterstained with thionin, dehydrated in a graded series of ethanol to xylene, and coverslipped before microscopic observation.
Relative quantijcation of mRNA. The grain intensity on the x-ray film was measured. The relative area occupied by autoradiographic grains in the hypoglossal nuclei was measured bilaterally on the x-ray film using a computerized image analysis system (MCID: Image Res. Inc., Ontario, Canada). In the same sections, we calculated the difference in the optical density between the right (ipsilateral side) and the left hypoglossal nuclei (contralateral side). For statistical analysis, at least eight sections from three rats were studied. cDNA library screening. A rat brain cDNA library(Uni-ZAP XR Library, Stratagene, La Jolla, CA) was screened with a subcloned PCRderived DNA fragment to obtain a larger cDNA clone. The probe was labeled with &*P dCTP (Amersham, UK) by multiprime DNA labeling system (Amersham, UK). Approximately 1 X lo6 plaques were plated at a density of 1 X lo4 pfu/l50 mm dish and screened following conditions for hybridization: 1 X lo6 cpm/ml in 6 X SSC, 5 X Denhardt's and 0.5% SDS for hybridization at 65°C and washed at 65°C in 2 X SSC and 0.5% SDS. Eleven positive plaques were obtained and purified by in vivo excision for plasmids. Both strands of these cDNA inserts were sequenced automatically by the dyeprimer cycle sequence kit using an Applied Biosystems model 373A DNA sequencer (Applied Biosystems. Inc., CA).
Results
Differential display PCR The expression of mRNAs 7 d after nerve cut were analyzed using DD-PCR. We performed PCR amplifications with two primer combinations. The pattern of amplified cDNA fragments is indicated in Fignre 1B . A cDNA fragment located at about 200 bp (arrowhead) was amplified to a greater degree on the operated side. This 200 bp band was excised and used for further analysis. In order to eliminate possible false positive signal, the observed ncrease in mRNA expression was confirmed on tissue sections by in situ hybridization. The cDNA fragment recovered from the differential display analysis was reamplified and used as a probe for in situ hybridization. This histological survey revealed a significant increase in mRNA expression in cells in the injured hypoglossal nucleus (Fig. 2 ).
Molecular cloning
We screened a rat brain cDNA library to isolate a full length cDNA clone using radio-labeled cDNA fragments recovered by DD-PCR. Among the 11 positive plaques identified, 4 plaques contained a full length clone. Searching of the nucleotide database, DDBJ, revealed that this clone had high homology with a neuronal high affinity glutamate transporter isolated from rabbit small intestine EAACl (Kanai et al., 1992) and human brain EAAT3 (Arriza et al., 1994) . The nucleotide sequence of this clone is shown in Figure 3 . cDNA sequencing revealed an open reading frame from nucleotides 121-1689 which encoded a 523 amino acid protein. Protein homology revealed a 89% sequence identity with rabbit EAACl and a 90% identity with the human EAAT3. Alignment of the amino acid sequences illustrates the extensive conservation (Fig. 4) . Thus, we conclude that this clone is a rat homolog of the rabbit EAACl and human EAAT3 clones.
Distribution of rat EAACl in the brain
To identify if the cloned glutamate transporter is of the neuronal type or not, in situ hybridization histochemistry was performed on fresh frozen rat brain sections. The expression of the rat clone EAACl was observed primarily in most neurons with various levels of expression. In particular, neurons in the cerebral cortex, hippocampus, and restricted layers of the superior colliculus (the inter mediate gray layer) expressed substantial amounts of the rat EAACl mRNA (Fig. 5) . The distribution of rat EAACl mRNA in the brain was similar to that of EAACl imunoreactivity (Rothstein et al., 1994) . In addition, flat glial cells in the corpus callosum, presumed to be oligodendrocyte, also expressed mRNA for the high affinity glutamate transporter (Fig.  SD-F) .
Expression projle of the rat EAACI during nerve regeneration We carried out in situ hybridization to evaluate changes in expression of the rat EAACl clone over time during nerve regeneration (Fig. 6, 7) . A slight increase in the rat EAACI hybridization signal was detected initially in the ipsilateral hypoglossal nucleus 1 d after the nerve cut, however the intensity of the hybridization signal markedly increased to peak levels during the following 3 d (Fig. 7) and persisted at this level for about 7 d. Thereafter, the hybridization signal gradually decreased to control level over the following 3 weeks.
Discussion
In the present study, the technique of DD-PCR was used to identify genes associated with hypoglossal nerve regeneration. In particular, one candidate cDNA fragment (200 bp) was isolated and sequenced (Fig. 1) . Although this method can be used successfully to isolate candidate cDNAs, it has some technical disadvantages over traditional differential expression cloning methods; one disadvantage is the high incidence of false positives (Nishio et al., 1994) . To eliminate these false positives, in situ hybridization histochemistry was used as a secondary screening method. This histological approach, in situ differential display, allows false positive clones to be effectively eliminated. About 60-70% of bands initially displayed on the gel were false positives when assessed using in situ hybridization. Subsequent screening of a cDNA library showed that the clone isolated here corresponded to the rat homolog of a neuronal high affinity glutamate transporter. Comparing the amino acid sequences of the rat clone with the rabbit and human sequences revealed that the rat homolog also conserves an AAX-FIAQ structural motif and serine-rich sequences (SSSS) (Figs.  3, 4) . In situ hybridization further suggested that the present clone was expressed primarily in neurons although some glial expression was observed. Taking all this data into consideration, we suggest that the clone derived by DD-PCR is the rat homolog of the rabbit EAACllhuman EAAT3 sequences. Further, expression of this neuronal type of glutamate transporter is upregulated following peripheral nerve injury.
Glutamate is the major excitatory neurotransmitter in the nervous system as well as a neurotoxin. Under normal conditions, glutamate signal transmission is terminated by the rapid uptake of glutamate into presynaptic nerve terminals and into surrounding glia (Nicholls and Attwell, 1990) . It is conceivable that abnormal glutamate uptake may be closely related to an increase in extracellular glutamate concentrations as observed in certain neurodegenerative diseases (Drejer et al., 1985; Silverstein et al., 1986; Ikeda et al., 1989) . However, the kinetics of the glutamate transport system in such conditions is still controversial. Several studies have demonstrated that an excess of glutamate in the synaptic cleft results from a reduction in the density of glutamate transporter in spinal cord and brain tissues from patients with amyotrophic lateral sclerosis (ALS) (Rothstein et al., 199\2) . Further, in ischemia or anoxia, rundown of Na+, K+ and voltage gradients is expected to initiate reversal of the Na+-dependent and electrogenic glutamate uptake carrier, releasing excess glutamate into the extracellular space (Szatkowski et al., 1990; Lysko et al., 1994a,b) . This abnormal Ca2+-independent nonvesicular release of glutamate results in a reduction of glutamate clearance at the synaptic cleft, activation of NMDA receptors and subsequent Ca2+ influx leading to neural death (Andreeva et al., 1991; Waxman et al., 1991) . After traumatic brain injury, an increase in extracellular concentrations of glutamate is also observed (Nilsson et al., 1990 (Nilsson et al., , 1994 . In addition, Takata (1993) has reported that following hypoglossal nerve axotomy the inhibitory input to the hypoglossal motoneurons decreased whereas the excitatory component remained. This may also contribute the increase of extracellular gutamate. Thus, the present study indicates that axotomized motoneurons produce substantial amounts of glutamate transporter, possibly in an attempt to remove extracellular glutamate and reduce glutamate concentrations to within the physiological range. Thus, at least in the present case the neuronal glutamate transporter isolated may be functioning to reduce local glutamate concentrations and thus increase neuronal survival. Enhanced expression of the rat EAACl was not detected immediately after the nerve injury; the maximum expression was seen from day 4 to day 11, and thereafter the expression of rat EAACl returned to control levels during the following 3 weeks (Fig. 7) . This period corresponds to only l/2 the period required for complete reinnervation of injured axons (Kobayashi et al., 1994) . During this earlier phase of nerve regeneration, injured motoneurons loose their synaptic contacts, suggesting that the newly synthesized glutamate transporter may be functioning not to terminate glutamate signaling, but for some other function. It is possible that these newly synthesized glutamate transporters may function to reduce glutamate levels and therefore protect damaged motor neurons from glutamate mediated cell death. Alternatively it may be that the cells require increased glutamate for protein synthesis.
The family of glutamate transporters is generally divided into two subsets, neuronal (e.g., EAACl) (Kanai and Hediger, 1992; Arriza et al., 1994; Kanai et al., 1994) and glial (e.g., GLAST, GLTl) (Pines et al., 1992; Storck et al., 1992; Kanner, 1993) . Analysis of the expression pattern of rat EAACl mRNA in brain, by in situ hybridization histochemistry indicates that the rat EAACl is localized widely in neurons as described previously (Kanai and Hediger, 1992; Rothstein et al., 1994) . However, the intensity of the rat EAACl mRNA signal varied among different populations of neurons. Some neurons express little or almost no EAACl mRNA. Since many populations of neurons use glutamate for neurotransmission, there may be additional subtypes of neuronal glutamate transporters which are enriched in regions where the rat EAACl is not widely expressed. The neuronal glutamate transporters EAACl and EAAT3 have been shown to be expressed in neurons; however, we report here that mRNA for the cloned rat EAACI was additionally expressed in flat-shaped cells in the white matter, for example the corpus cullosum (Fig. 5) . Thus, although the rat EAACl is a major neuronal glutamate transporter, it is also expressed in some glial components such as the oligodendrocytes.
